Abstract. Hashimoto's thyroiditis (HT) is typically associated with insulin resistance. The aim of the present study was to investigate the role of regulatory B cells (Bregs) Bregs to lymphocytes was a significant independent risk factor for hyperinsulinemia (odds ratio=1.372, P=0.035). A decrease in peripheral blood CD19 + CD24 hi CD38 hi Bregs is associated with insulin resistance in HT patients, and was an independent risk factor for postprandial hyperinsulinemia. The present study provided a novel insight into the development of effective therapeutic strategies targeting immune mechanisms associated with HT.
Introduction
Hashimoto's thyroiditis (HT) is a genetic autoimmune disorder, characterized by the destruction of thyroid cells by cell-and antibody-mediated immune responses. HT accounts for 7.3-20.5% of all thyroid diseases, with a marked female predominance (female-to-male ratio of 7:1) (1-3). Patients with HT, specifically those with clinical hypothyroidism, are particularly susceptible to developing insulin resistance and metabolic syndromes (2, (4) (5) (6) (7) . A previous study by the current authors (8) revealed that patients with type I HT, that is HT patients with normal thyroid function, exhibited normal levels of fasting and postprandial plasma glucose. However, the early phase and total insulin secretion was significantly increased in the patients, indicating postprandial insulin resistance. These findings are consistent with previous results from Maratou et al (3) . However, to the best of our knowledge, studies on the underlying correlative mechanisms between HT and insulin resistance remain inconclusive.
Regulatory B cells (Bregs), a newly identified B cell subset, have been demonstrated to have a role in the pathogenesis of autoimmune diseases (9) . Bregs serve an essential role in the induction of immune suppression, primarily by the inhibition of other immune cells through cytokine secretion and antigen presentation. Bregs are considered to be comprised of two major subpopulations: CD19 + CD24 hi CD38 hi and CD19 + CD24 + CD27 + , both of which are capable of producing interleukin (IL)-10 upon stimulation (10) . IL-10 is an essential anti-inflammatory cytokine, which inhibits T cell activation and inflammatory reaction, thus suppressing the immune response (11) . Previous evidence indicated that Bregs deficiency may be associated with the pathogenesis of HT in mice (12) . However, minimal work has been conducted to investigate the association between Bregs in the immune response and the occurrence of HT. Immune-mediated injury serves an important role in the pathogenesis of insulin resistance and diabetes mellitus (DM) (13, 14) . A previous study indicated that patients with HT had significantly increased peripheral blood CD19 + CD24 + CD27 + Bregs, and the increased percentage of CD19 + CD24 + CD27 + Bregs was correlated with fasting insulin secretion and fasting insulin resistance in patients with HT (8 In order to eliminate the effect of thyroid hormones on insulin signaling and glucose regulation in the present study, only patients with type I HT who had normal thyroid function and were not on hormone treatment were included. In addition, as HT occurs predominantly in women, only female patients were enrolled.
Materials and methods
Patients. The study population consisted of 61 female patients with type 1 HT in The Fifth People's Hospital of Shanghai, Fudan University (Shanghai, China) between March and November 2013. A total of 38 age-matched healthy volunteers were recruited as controls in the same period. The characteristics of the patients and healthy volunteers are presented in Table I . The patients were diagnosed with type 1 HT if they met the following criteria (15) : Normal thyroid function; typical clinical manifestations with elevated serum anti-thyroid peroxidase antibodies (TPOAb) and/or anti-thyroglobulin antibodies (TGAb) (≥60 U/ml), or no evident clinical manifestations but had increased serum TPOAb and TGAb concentrations (≥60 U/ml) in two successive visits, at least one week apart. Patients were excluded if they fulfilled any of the following criteria: i) <18 or >60 years of age; ii) had a previously confirmed diagnosis of type 1 or type 2 DM; iii) recently taken anti-thyroid medication or thyroid hormone replacement therapy; iv) diagnosed with hyperthyroidism or hypothyroidism; v) cardiovascular and cerebrovascular diseases; vi) serious liver and kidney dysfunction; vii) malignancies; viii) severe mental disorders or poor communication capacity; ix) currently taking corticosteroids; or x) pregnant or breast-feeding women. DM and impaired glucose regulation (IGR) were diagnosed based on the World Health Organization guidelines, 1999 (16) . A total of 9 (14.1%) patients with HT and 3 healthy individuals (7.8%) from the control group were diagnosed with DM via oral glucose tolerance test (OGTT) during the present study. These individuals were excluded from the study. Therefore, 52 females with type I HT and 35 matched healthy volunteers were ultimately enrolled. The present study was approved by the Institutional Review Board of Fudan University, and written informed consent was prospectively obtained from all study participants.
Data collection. Demographic data associated with each participant was recorded, including age, weight, height, waist and hip circumferences, waist-to-hip ratio and systolic (SBP) and diastolic blood pressures (DBP). Hypertension was defined as systolic blood pressure >140 mmHg and/or a diastolic blood pressure >90 mmHg for three consecutive measurements. Body mass index (BMI) was calculated as kg/m 2 . Data from laboratory tests were also collected: Plasma glucose levels were measured using glucose assay kit (YZB/GER3922-2013, Roche Diagnostics GmbH, Mannheim, Germany) and a Roche biochemical analyzer cobas c 702 (16K5-05, Roche Diagnostics GmbH); serum lipid content, including total cholesterol (TCH), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C), was measured using an enzymatic colorimetric assay (7600 Clinical Analyzer; Hitachi Ltd., Tokyo, Japan); serum levels of C-peptide and insulin, in addition to thyroid function, were measured using C peptide (YZB/GER5035-2014), insulin (20142404356), total triiodothyronin (YZB/GER5304-2014), total thyroxine (YZB/GER5606-2014), free triiodothyronin (YZB/GER6164-2014), free thyroxine (20142404445), thyroid stimulating hormone (YZB/GER5303-2014), TPOAb (YZB/GER5162-2014) and TGAb (YZB/GER1859-2014) kits (all Roche Diagnostics GmbH) and a Roche analyzer cobas 8000 (15L8-02, Roche Diagnostics GmbH).
Detection of peripheral blood lymphocyte subsets using flow cytometry. EDTA-anticoagulated whole blood samples (100 µl) were collected, aliquoted into two tubes, and incubated with the fluorescently-labeled monoclonal antibodies 
Definition of variables.
A 75 g oral glucose tolerance test (OGTT) was performed on each patient and the plasma insulin and glucose levels were measured at 0, 30 and 120 min. The levels of plasma glucose, serum lipid, C-peptide and insulin were measured, and thyroid function was assessed. The insulin level in the blood at time points 0, 30, and 120 min were designated as Ins0, Ins30 and Ins120, respectively. In addition, the plasma glucose levels at these time points were designated as Glu0, Glu30, and Glu120, and the mean glucose and insulin levels during OGTT were designated as Glu mean and Ins mean , respectively. The area under the curve (AUC) for insulin and glucose (InsAUC and GluAUC) was determined using the insulin secretion curve adjusted for glucose. ; vii) the disposition index (DI)=HOMA-β/HOMA-IR, representing an adjusted insulin sensitivity according to HOMA-IR; and viii) the early-phase disposition index (DI30) and the total disposition index (DI120) during the OGTT, which were calculated using the formula DI30=InsAUC30/GluAUC30 x ISI M and DI120=InsAUC120/GluAUC120 x ISI M , respectively.
Statistical analysis. All data were analyzed using the SPSS software package (version 17.0; SPSS, Inc., Chicago, IL, USA). Continuous data are expressed as mean ± standard deviation when normally distributed, or median and quartiles (25th percentile, 75th percentile) when not normally distributed. Categorical data are presented as absolute value and percentage. Comparisons of continuous variables between the groups were performed using Student's t-test, one-way analysis of variance, or non-parametric tests (the Mann-Whitney U test or Kruskal-Wallis H) when appropriate. The proportions were compared using the χ 2 test. Correlations 
Results
Comparison of laboratory findings between HT and control groups. The demographic characteristics of the patients with HT and healthy controls are presented in Table I . Patients with HT exhibited significantly higher insulin levels at 30 and 120 min during OGTT in comparison with their controls (P<0.001; Table I ); whereas no similar trends were identified with glucose concentrations. No significant differences were observed regarding age, waist circumference, SBP, DBP, TCH, TG, HDL-C and LDL-C between HT and control groups. In addition, no significant differences were indicated in the prevalence of IGR between the two groups.
Comparison of β-cell function and insulin sensitivity between HT and control groups. Patients with HT exhibited higher values of InsAUC30/GluAUC30 and InsAUC120/GluAUC120, the indicators reflecting early-phase insulin release and total insulin release, respectively, compared with their controls (P= 0.015 and 0.047, respectively; Table I ). Patients in both groups had similar values for HOMA-β, HOMA-IR in addition to the Matsuda index. Patients with HT exhibited a significant decrease in DI, which indicates the fasting islet compensation function (P= 0.002). However, indicators reflecting insulin function did not exhibit a relative decrease at 30 and 120 min during OGTT (DI 30 and DI 120, P>0.05). These results suggested that HT patients exhibited an increase in postprandial insulin secretion, but a relative lack in fasting insulin compensation.
Comparison of the percentages of CD19
+ CD24 hi CD38 hi Bregs subpopulations between HT and control groups. The percentages of peripheral blood CD19 + B lymphocytes were markedly decreased in the HT group when compared with the control group, although this decrease was not significant (P= 0.0577; Fig. 1A ). Fig. 2A and B) . A significant negative association was also identified between TGAb and DI (r=-0.321, P= 0.013; Fig. 2C ), indicating that a high TGAb titer was closely associated with a decrease in islet β-cell function. (Fig. 3) . Table II) , and was an independent risk factor for predicting hyperinsulinemia.
Decrease in ratio of

Discussion
HT is an autoimmune disease, that may be accompanied by insulin resistance and metabolic syndrome (2-6). The present study is, to the best of our knowledge, the first to provide evidence that female patients with type I HT have increased early phase and total insulin secretion, and a decrease in peripheral blood CD19 + CD24 hi CD38 hi Bregs. This is an independent risk factor for hyperinsulinemia, and serves a critical role in development of hyperinsulinemia in those patients. (CD19  + CD24 hi CD38 hi /L) significantly increases the morbidity associated with DM; HT patients with decreased CD19 + CD24 hi CD38 hi /L (n=20) had significantly higher levels of TCH and LDL-C, compared with those without (n=64 Insulin resistance is a state or condition in which the body fails to properly use insulin to regulate glucose metabolism. The accumulation of excessive insulin in the blood, described as hyperinsulinemia, with normal blood glucose levels indicates the presence of insulin resistance (17, 18) . Insulin resistance occurs in association with various medical conditions, including type 2 DM, metabolic syndromes, obesity, hypertension and dyslipidemia (19) . The current study revealed that levels of fasting and postprandial glucose levels remained normal during OGTT in the HT group. However, patients with HT had an increase in postprandial insulin secretion, indicating the occurrence of insulin resistance in those patients. There is evidence to suggest that the fasting levels of c-peptide, insulin and TGs are markedly higher in HT patients than in the control individuals (20) . A previous study by Dimitriadis et al (7) demonstrated that, despite the increase in plasma insulin levels in hypothyroidism, net glucose uptake in the forearm muscles and liver is reduced after eating, suggesting the presence of insulin resistance and a compensatory increase in insulin secretion in patients with HT. These findings are consistent with the results of the present study.
At present, few studies have investigated the mechanism of insulin resistance in HT patients. One study demonstrated that clinical or subclinical hypothyroidism is associated with insulin resistance, potentially due to impaired translocation of glucose transporter type 4 (GLUT4) on the plasma membrane (3). Chronic inflammation and autoimmunity as a result of immune dysregulation has been implicated in insulin resistance and pathogenesis of DM (21, 22) . In patients with type 2 DM, CD4 + T, CD8 + T and T helper 17 cells (Th17) reduced glucose uptake (including translocation of GLUT4 on the plasma membrane) and utilization in muscle and liver tissue. The activation and proliferation of CD4 + T, CD8 + T and Th17 cells were regulated by multiple factors, specifically Bregs. It has been reported that the frequency in occurrence of Bregs is decreased in patients with DM, triggering a decrease in the production of the anti-inflammatory cytokine IL-10 from those Bregs (23, 24) . The findings of the current study have a number of similarities with previous investigations. In the present study, the percentage of CD19 + CD24 hi CD38 hi Bregs decreased significantly in patients with HT, and the decrease in CD19 + CD24 hi CD38 hi /L was an independent risk factor for predicting hyperinsulinemia following adjustment for confounders including age, gender, TPOAb and TGAb, revealing the involvement of CD19 + CD24 hi CD38 hi Bregs in patients with HT and hyperinsulinemia. One possible hypothesis may be that chronic inflammatory injury exists in muscle, liver tissues and islets of patients with type I HT, which is similar to patients with type 2 DM. The decrease in CD19 + CD24 hi CD38 hi Bregs, which serve as immunosuppressive cells, leads to a reduced ability to suppress immune cell activation, thereby resulting in a disorder of glucose metabolism.
The present study also indicated that patients with HT and a decreased CD19 + CD24 hi CD38 hi /L ratio exhibited significantly increased levels of serum TCH and LDL-C. Lipotoxicity serves an important role in insulin resistance and impaired islet function (25) . Therefore, CD19 + CD24 hi CD38 hi Bregs associated with insulin resistance contribute to immunosuppressive effects and also interfere with lipid metabolism. The current study only included patients with type 1 HT and normal thyroid function. These patients were also positive for TPOAb and TGAb. TPOAb and TGAb are autoantibodies for thyroid antigens. TPOAb and TGAb were demonstrated to be negatively associated with the fasting insulin secretion (HOMA-β) and fasting insulin compensation (DI). Consequently, DI gradually decreases with a concomitant increase in TPOAb and TGAb, revealing a close association between a high thyroid antibody titer and reduced fasting islet compensation function. The present study speculated that impaired fasting compensation function may be associated with the presence of thyroid antibodies in patients with type I HT. Further investigation is required to determine if TPOAb and TGAb are able to act as immune indicators of insulin resistance and islet β-cell function in patients with HT.
In the present study, no significant difference was identified in the prevalence of DM and IGR between patients with and without HT, which is consistent with previous studies (3, 7, 20) . However, based on findings by Gierach et al (26) diabetes has been confirmed in 27.8% of patients with HT. Impaired fasting glycaemia or IGR occurs in 16.6% of HT patients, indicating that 44.4% of HT patients present with different types of glucose metabolism disorders. One of the reasons for these findings is that all patients recruited in the Gierach study were enrolled from the Department of Endocrinology. Typically, patients with HT did not require hospitalization unless they presented with serious complications caused by hypothyroidism or diabetes. Secondly, patients in the Gierach study had a higher mean age than those in the present study (59.9 vs. 42.2 years). The prevalence of diabetes increases gradually with age. Therefore, it may be the case that both of these studies overestimate the prevalence of DM and IGR in HT.
In conclusion, the results of the present study indicate significant increases in the early phase insulin secretion and total insulin secretion and a decrease in DI during OGTT in patients with HT and normal thyroid function. The decrease in peripheral blood CD19 + CD24
hi CD38 hi Bregs involved in insulin resistance was an independent risk factor for postprandial hyperinsulinemia. The role of CD19 + CD24
hi CD38 hi Bregs in insulin resistance contributes not only to the immunosuppressive effects, but also to the associated interference with lipid metabolism.
